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TCP RATE CONTROL WITH ADAPTIVE THRESHOLDS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This patent application claims priority based on 
U.S. Provisional Patent Application No. 60/221,338, filed 
July 26, 2000, titled, "TCP RATE CONTROL WITH ADAPTIVE 
THRESHOLDS", which is hereby incorporated by reference 
herein in its entirety. 

FIELD OF THE INVENTION 

The present invention relates generally to data 
packet flow in a network and, more particularly, to a 
technique for controlling a transmission control protocol 
(TCP) rate in a network having a shared buffer. 

BACKGROUND OF THE INVENTION 

The primary protocol for congestion control in the 
Internet is TCP. The rapid growth of applications and 
services over the Internet has made the performance of 
TCP a major issue in data networking. TCP performs its 
own data recovery and flow control, and makes no 
assumption on how the network processes the data it 
sends. TCP congestion control as well as error recovery 
are implemented by a sliding window. The TCP flow 

control mechanism is meant to slow down the source rate 
when the network becomes congested, but currently, TCP 
has no direct way of knowing when the network is 
congested. It can only indirectly detect congestion by 
keeping track of how many packets are lost. When packets 
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do get lost, the loss indicates that some queue in the 
network might have overflowed. Every time TCP detects a 
packet loss, it reduces its source rate to alleviate the 
congestion that could have caused the packet loss. 

5 In a high- latency network environment, the window 

flow control mechanism of TCP may not be very effective 
because it relies on packet loss to signal congestion, 
instead of avoiding congestion and buffer overflow. The 
basic problem is that TCP does not communicate directly 

10 with the network elements to be given its optimal or 
assigned traffic rate. By the time the TCP source starts 
decreasing its rate because of packet loss, the network 
has already been overly congested. This problem exists 
because the design of TCP currently only considers the 

15 flow control needs of the receiver. It does not consider 
the flow control needs of intermediate hops in the 
network. Overflow in the network itself would be 

detected by the sender through timeouts or through 
acknowledgment arrival patterns. This model has problems 

2 0 coping with shared multi-hop networks, where the cause of 
packet loss is within intermediate hops in the network. 

Thus, it is generally accepted that there is a limit 
to how much control can be accomplished by the congestion 
control mechanisms in the end systems. Some mechanisms 
25 are needed in the routers to complement the endpoint 
congestion avoidance mechanisms. As a result, network 
layer enhancements such as scheduling mechanisms (e.g.. 
Fair Queuing) and packet drop policies (e.g.. Random 
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Early Detection (RED) ) have been proposed which are aimed 
at improving fairness and throughput . 

Ideally, the source should respond to congestion (in 
the network and at the destination) before it occurs 
5 rather than acting when it is too late. Thus, one method 
to make TCP sensitive to network congestion and buffer 
overflows is to allow network elements between a source 
and destination to modify the receiver's advertised 
window in TCP acknowledgments returning to the source. 

10 Through this the network becomes an active (and not a 
passive) participant in controlling congestion and buffer 
overflows, similar in spirit to the intelligent 
congestion control techniques such as RED or RED combined 
with Explicit Congestion Notification (ECN) . Thus, the 

15 motivation for TCP rate control and similar schemes, is 
the need for network control policies which do not 
necessarily resort to packet discard as the only means 
for congestion control. 

Most of the existing window adjustment schemes are 
2 0 based on heuristics and their performance under a wide 
range of networking conditions are not clearly 
understood. The drawback of one scheme (see e.g., R. 
Satyovolu, K. Duvedi , and S. Kaylanaraman, "Explicit Rate 
Control of TCP Applications", ATM Forum Document, ATM- 
25 Forum/98-0152Rl, Feb. 1998.) is that the optimal setting 
of the window size to be fed back to the TCP sources, 
requires accurate knowledge of the round-trip time (RTT) 
estimates. Also, such information is usually not 
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available at network elements. Another scheme (see e.g., 
P. Narvaez and K-Y Siu, "An Acknowledgement Bucket Scheme 
for Regulating TCP Flow Over ATM", Proc . Globecom '97, 
Phoenix, Arizona, 1997.) entails too much per-flow state 
5 at access nodes, essentially requiring per-flow window 
tracking . 

In view of the foregoing, it would be desirable to 
provide a technique for data packet flow in a network 
which overcomes the above-described inadequacies and 
10 shortcomings. More particularly, it would be desirable to 
provide a technique for controlling TCP rate in a network 
in an efficient and cost effective manner. 

SUMMARY OF THE INVENTION 

15 According to the present invention, a technique for 

controlling the transmission of data packets through a 
network by controlling a TCP rate in a network device 
having a shared buffer with shared buffer space, is 
provided. In one embodiment, the technique is realized 

2 0 by first organizing a forward data buffer in a network 
device into one or more queues that store at least one 
forward data packet. A network device's advertised 
window size is then calculated by implementing an 
integral control algorithm that uses information 

25 pertaining to the one or more queues. The network 
device's advertised window size is then fed back to a TCP 
source. A dynamic buffer threshold is also implemented 
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to ensure efficient and fair use of the forward data 
buffer memory. 

In accordance with other aspects of the present 
invention, the forward data buffer may be organized into 
5 one or more queues with one queue per service class. 

There can be any integer number K of such service class 
queues. In addition, the forward data packet may be 
stored according to its service class. 

In accordance with still other aspects of the 

10 present invention, the network device's advertised window 
size may be calculated by first initializing a timer to a 
predetermined time interval At. A current queue size 
qXn) for queue i,i ^1,2,... K, , is then sampled during the 
predetermined time interval nAt, where (n=0, 1, 2, ...) is 

15 a current time interval index or iteration counter and 
represents the number of time intervals At since the 
beginning of the process of network device's advertised 
window calculation. A current error signal based, 
at least in part, upon the current queue size q^ri) , is 

2 0 then calculated. In some embodiments the current error 
signal may be filtered according to the relation: 

eXn)^{\-/S)e,{n-\) + fie,{n) , where jS(0<fi<l) is a predetermined 
parameter and is the filtered current computed error 

signal. Next, a network device's advertised window size 

25 WXn) for queue i may be calculated, based, at least in 
part, upon the current error signal e,(") according to the 
equation: W^(n) = [w^{n-Y) + aeXn)^\ where a, W^^^ , and W^^^ , 
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are predetermined parameters. In some embodiments, this 
calculation of the network device's advertised window 
size W^n) may be calculated using the filtered current 

error signal e^n) in the equation WXn) = \w,(n-l) + ae^{n)J^"^ , 

5 where a, W^^^^ , and W^,n , are predetermined parameters. 

Finally, the timer may be reset for the calculation to 
resume anew. 

In accordance with still other aspect of the present 
invention the feedback to the TCP source may be 

10 accomplished by first updating a TCP receiver's 
advertised window size. In some embodiments updating a 
TCP receiver' s advertised window size is accomplished by 
first identifying whether a packet is an acknowledgment 
(ACK) packet, and, if not, putting the non-ACK packet in 

15 a reverse data buffer. A service class i{i = \,2,...k) for the 
identified ACK packet is then determined. An advertised 
window size i RW^ec^ and a checksum { RCHKSUM ) are then 
read from the identified ACK packet. Then, a 

determination of whether the advertised window size 

2 0 RWj^f, , is less than or equal to the calculated network 
device's advertised window size W^n) is carried out. If 
the advertised window size RWj^^ > less than or 

equal to the calculated network device's advertised 
window size W^{n) , then an advertised window field in the 

25 identified ACK packet is set equal to the calculated 
network device's advertised window size W^n) and the 
checksum field for the identified ACK packet is updated. 
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In accordance with still other aspect of the present 
invention a dynamic buffer threshold is implemented by 
first calculating a dynamic buffer threshold for the 
forward data buffer. In some embodiments, calculating a 
5 dynamic buffer threshold is accomplished by first 
initializing a timer to a predetermined time interval As . 

Then an initial dynamic buffer threshold T(n = 0) is set 
equal to a parameter ^ e(0,l] multiplied by a buffer size B 
and divided by a number of service classes K . A current 
10 queue size q/in) is sampled during the predetermined time 
interval nAs . Then a sum of the sampled current queue 
size is calculated according to the equation: 

K 

Q(n) = y^.^iin) . In some embodiments, the sum of the sampled 
current queue size Q(f7) is filtered according to the 

15 relation: Q(n) = {l-(p)Q{n-l) + (pQ{ri) , wherein <p(0<^<l) is a 
predetermined parameter and Q(n) is the filtered sum of 
queue sizes. Then a determination of whether the sum of 
the sampled current queue size is less than the shared 
buffer size yB is made. If it is, the dynamic buffer 

20 threshold is updated according to T{n)= mm[T{n-V) + AT,yB] , 
where AT is a step size that controls the rate at which 
the dynamic buffer threshold changes. If it is not, the 
dynamic buffer threshold is updated according to 

T(n)=max[T(n-V)-AT,T^^^] , where 7^,^ is a predetermined 
25 minimum size for the dynamic buffer threshold. Finally, 
the timer may be reset for the calculation to resume 
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anew . 

The present invention will now be described in more 
detail with reference to exemplary embodiments thereof as 
shown in the appended drawings. While the present 
5 invention is described below with reference to preferred 
embodiments, it should be understood that the present 
invention is not limited thereto. Those of ordinary 
skill in the art having access to the teachings herein 
will recognize additional implementations, modifications, 
10 and embodiments, as well as other fields of use, which 
are within the scope of the present invention as 
disclosed and claimed herein, and with respect to which 
the present invention could be of significant utility. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

In order to facilitate a fuller understanding of the 
present invention, reference is now made to the appended 
drawings . These drawings should not be construed as 
limiting the present invention, but are intended to be 
2 0 exemplary only. 

Figure 1 is a TCP rate control scheme according to 
one embodiment of the present invention. 

Figure 2 is a block diagram of a feedback system 
according to one embodiment of the invention. 
25 Figure 3 is a block diagram of a feedback system 

providing anti-windup in a controller according to one 
embodiment of the invention. 
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Figure 4 is a flow diagram for a method of computing 
a network device's advertised window size for the 
connections in each service class according to one 
embodiment of the invention. 
5 Figure 5 is a flow diagram for a method of updating 

a TCP receiver's advertised window field according to one 
embodiment of the invention. 

Figure 6 is a flow diagram for a method of computing 
a dynamic threshold according to one embodiment of the 
10 invention. 

Figure 7 is a schematic diagram of an overall TCP 
rate control scheme according to one embodiment of the 
invention . 

15 DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENT (S) 

One embodiment of the present invention enables a 
simple TCP rate control scheme for a shared-buffer where 
the buffer is organized into multiple queues {e.g., one 
queue per service class) . In the shared-buffer, packets 

20 can be stored according to service class as a linked-list 
and served using any service discipline {e.g., round 
robin, weighted round robin, weighted fair queuing, 
etc.) . Some embodiments of the TCP rate control scheme 
use an integral control algorithm to compute the optimal 

25 window size to be fed back to the TCP sources. In some 
embodiments, dynamic buffer thresholds are used to ensure 
efficient and fair usage of buffer memory among the 
queues. Conventional schemes allocate buffer space to 
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each queue through the use of static buffer thresholds 
which can result in unnecessary packet drops and lead to 
poor network performance since congested or heavily 
loaded queues cannot gain access to buffers not utilized 
5 by lightly loaded queues. 

A shared-buffer without good buffer management 
procedures may not perform well under overload 
conditions, especially in regard to fairness. The 
statistical sharing of the buffer memory introduces the 

10 possibility of a small group of queues hogging most of 
the memory, preventing packets destined for less utilized 
queues from gaining their fair shares of memory or even 
blocked completely. Conventional solutions to such 

problems include setting some restrictions on the amount 

15 of buffering a queue can use (i.e., each queue has a 
threshold for the maximum number of buffers it can 
access, each queue is guaranteed a minimum number of 
buffers , etc. ) . 

In some embodiments of the dynamic threshold scheme 
2 0 described here, buffer thresholds are dynamically 
adjusted according to the changing traffic load. Through 
this congested queues are allowed to gain access to 
buffers not utilized by lightly loaded queues as long as 
their queues do not exceed their fair share of the 
2 5 memory. This helps to improve the overall buffer 

utilization while ensuring fair sharing of buffer memory 
among the different queues. 
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The TCP rate control scheme in the present invention 
defines the control error as the difference between a 
dynamic threshold or reference queue size and the actual 
queue size. The present invention utilizes dynamic 
5 thresholds for each queue and the window control 
algorithm used to compute the network advertised window 
size has a control gain which determines the stability 
and response of the system and how well the control 
algorithm operates in steady- state . The sampling and 

10 control intervals in the present invention are fixed to 
enable efficient and simple processor implementation in 
discrete time steps. In addition, the present invention 
involves filtering of the control errors (or queue sizes) 
which has the important benefit of allowing traffic 

15 bursts to be queued without being unnecessarily 
discarded. This is because congestion is detected by 
comparing the average queue size to a pre-deterrained 
threshold. In effect, only the average queue size is 
controlled, thus allowing to some extent, transient 

20 traffic bursts to be accommodated in the queue. 

A functional block diagram illustrating the proposed 
TCP rate control scheme is given Figure 1. In this 
embodiment, the forward data buffer 10 is organized into 
multiple queues. For example, buffer 10 may comprise 
25 queues 12, 14 and 16, wherein the buffer space is shared 
among a number of service classes (e.g., class 1, class 
2,..., class K) . For example, in a network device with a 
shared buffer, packets destined to a particular service 
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class can be classified (e.g., by packet classifier 18) 
and stored according to service class as a linked- list in 
the shared buffer space. 

In the reverse direction, ACK packet identification 
5 is implemented via ACK packet identifier 20, so that ACK 
packets can be separated from normal (non-ACK) data 
traffic. To identify an ACK packet, the network device 
checks the ACK bit in the TCP packet header to determine 
if the ACK bit is set. An ACK packet has its ACK bit set 

10 by the TCP receiver. ACK information might also be 
contained (piggybacked) in a data packet transmitted from 
a TCP receiver to a sender. ACK packet classifier 22 
filters and separates ACK packets according to their 
individual classes (e.g., class 1, class 2, class K) 

15 so that their receivers' advertised windows and checksums 
can be updated, (e.g., at window and checksums update 
module 24) . Also, in the reverse direction, ACK first 
scheduling can be used to give priority to ACK packets 
over reverse data packets since the number of ACK packets 

20 is normally small compared to data packets. 

A wide range of traffic classes can be supported 
depending on the implementation complexity allowed. The 
criteria for classifying or filtering the ACK traffic 
flows can be based on source/destination Internet 
25 Protocol (IP) addresses, TCP port numbers, the Type of 
Service (TOS) field (or DS field) , and any higher level 
IP packet attributes. 
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The architecture illustrated in the embodiment shown 
Figure 1 implements the following computational 
functions: 

(1) A window and threshold computations module 26 for 
5 computing the optimal window size per connection in each 

service class queue at the network device (i.e., the 
network device's advertised window size) and the buffer 
thresholds for the forward data buffer. 

(2) A window and checksum update module 24 for updating 
10 the TCP receiver's advertised window size and checksum in 

each returning ACK packet in each service class. 

Each module is described in more detail below. 

The window control method of some embodiments is a 
mechanism for congestion control (e.g., controlling the 

15 queue size) at a line interface of a network device. The 
method controls congestion by modifying at an 
intermediate network element, the receiver's advertised 
window in TCP acknowledgments returning to the sources . 
A critical parameter in the window control scheme is 

20 determining the optimal network device' s advertised 
window size per connection. The network device's window 
size represents the maximum number of packets that a TCP 
connection can have in transit (i.e., unacknowledged by a 
receiver) at a time. In determining the network device's 

2 5 window size per connection, one embodiment of the TCP 
rate control scheme tries to match the sum of the windows 
of all the active TCP connections sharing the network 
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node to the network bandwidth-delay product plus the 
available buffering space, thus avoiding packet losses 
whenever possible. The method takes its decision of 
modifying the receiver's advertised window of an incoming 
5 ACK packet so that the queue occupancy level is kept at a 
given target level, thereby eliminating buffer underflow 
and overflow as much as possible. 

For the multiple TCP connections that share a common 
service class qUeue , the window control method attempts 

10 to match the aggregate window sizes of all active TCP 
flows to the bandwidth -de lay product plus the available 
buffering space at the queue while at the same time 
providing all the connections in the queue with similar 
feedback to achieve fairness in window size allocation. 

15 The feedback may be carried by returning TCP 
acknowledgments in the receiver' s advertised window- 
field. If the current value in the receiver's advertised 
window field, which is set by the destination system, 
exceeds the feedback value computed in the network 

20 device, the receiver's advertised window may be marked 
down to the feedback value. The computed feedback value 
may provide an upper bound for the TCP congestion window 
maintained at the source in order to limit packet losses 
in the network device . 

25 In some embodiments, the forward data buffer 10 

(e.g., a shared memory) has a capacity of B packets 
shared by the K service classes. The queue (e.g. 12, 
14, 16) size in the network device (e.g., switch or 
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router) is assumed to be sampled every At units of time 
(e.g., seconds), and the window control method provides 
every A? units of time, a new value of the network 
device's advertised window size per connection for 
5 service class i ( / = 1,2,...,^ ) . Therefore, A? is the 
samp ling/ control interval of the system. The control 
system according to some embodiments of the invention may 
be described in discrete units of time as follows. 

Let q,{n) denote the actual queue size of class i, 
i = \,2,...,K, at discrete time n, where « = 1 A?, 2 Af, 3 Af, . . . , and 
let T denote the target buffer occupancy per service 
class at the network device. Next, determine a window 
size which will drive the queue size of class i, to 
this target buffer occupancy. Then, adapt Wj to react to 
the actual queue dynamics experienced at the network 
device using a simple control mechanism. For example, if 
the actual queue size is smaller than the target queue 
size T, W, is increased to make aggressive usage of the 
available resources, and vice versa if the actual queue 
size is high. The goal of the controller is therefore to 
adapt so that the magnitude of the error signal 

e,(«) = i = \,2,...,K , 

is kept as small as possible. 

In some embodiments a control theoretic approach may 
25 be implemented as is explained using the simple feedback 
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control loop shown in Figure 2 . Generally, such a system 
in the TCP rate control context will consist of: a 
control target or reference level 2 00 (this corresponds 
to a target buffer occupancy at the network device) ; an 
5 output or controlled variable 260 (this corresponds to 
the actual queue size at the network device) ; a process 
or plant 220 (this is the process or device (s) which 
produces the output and corresponds to all the TCP data 
sources and the network devices that receive and process 

10 the data) ; a controller or decision -making device 23 0 
(this is where adjustments to be made in the level of 
process or plant operation are calculated or are decided 
upon and corresponds to the module which computes the TCP 
window size to be communicated to the sources) ; a 

15 feedback device 24 0 (this is the device which measures 
some feature of the output and processes the information 
in preparation for comparison with the control target) ; 
and a comparator or detector 250 (this is the device 
which actually compares the recorded output with the 

2 0 control target) . 

The purpose of the control system is to keep the 
process output 26 0 close to the control target 200 in 
spite of disturbances. This is achieved by the feedback 
24 0 loop, which works as follows. Assume that the system 
25 is in equilibrium and that a disturbance occurs so that 
the process output 260 becomes larger than the control 
target 200. The error 270 is then negative and the 
control variable 210 decreases which in turn causes the 
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process output 260 to decrease. This type of feedback 
240 is called negative feedback, because the control 
variable 210 (or manipulated variable) moves in direction 
opposite to the process output 260. 

5 The controller 230 has several parameters that can 

be adjusted. The control loop performs well if the 
parameters are chosen properly. It performs poorly 
otherwise, e.g., the system may become unstable. 

Some embodiments of the invention implement integral 
10 control. The main function of an integral or summation 
control is to make sure that the process output 26 0 
agrees with the target 200 in steady-state. With 
integral action, a small positive error 270 (e) will 
always lead to an increasing control signal, and a 
15 negative error 270 will give a decreasing control signal 
no matter how small the error is. Integral control gives 
a control action that is proportional to the time 
integral of the error 270. This ensures that the steady- 
state error 270 becomes zero. The integral action is 
2 0 given by 

where / is a gain constant and is the integral time. 
It follows that 
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d]__Y_ 
dt~ T,^ ' 

Approximating the derivative by the backward difference 
gives 

At T, 

where At is the sampling period. This leads to the 
following recursive equation for the integral action 



I(kAt) = I((k - 1) At) + ^e(kAt) = I((k - 1) At) + a e(kAt) 



I(n) = I{n-l) + a e(n) 

10 where n = 0,l,2,..., is a discrete time index. 

Due to the burstiness of the network traffic and 
other perturbations, this error signal may be highly 
fluctuating, so that some low pass filtering may be 
desirable. Thus, the first part of the controller 23 0 
15 may be a discrete-time first-order low-pass filter with 
gain 0 < y5 < 1 . The filtered error signal is given by 

eXn) = (l-fi)eXn-l) + /3e.{n), i = \,2,...,K . 

In some embodiments, the second part of the 
controller is then the incremental adaptation of the 
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network device's advertised window proportional to the 
filtered error signal 

W,in) = W,(n-\) + aeXn), / = 1,2,...,^ , 

where a is a control gain. 

5 For network traffic control with a wide range of 

operating conditions, it may happen that there is a 
persistent control error 270 (or mismatch) between the 
control target 2 00 ( Tj and the observed system state (g) 
260. This persistent error 270 may be due to rate 

10 constraints at certain network nodes. For example, the 
errors 270 may be due to rate constrained traffic 
source (s), rate constraints due to downstream 
bottlenecks, or rate reduction due to upstream and/or 
downstream packet losses. If a controller 230 with 

15 integral action is used, the error 270 will continue to 
be integrated. This means the integral term (and as a 
result the control variable 210) may become very large or 
it "winds up" . It is then required that the error 270 
has opposite sign for a long period before things return 

2 0 to normal. 

One way to avoid integrator windup is to introduce 
limiters or integrator anti-windup on the variables that 
can windup. The effect of anti-windup is to reduce both 
the overshoot and the control effort in the feedback 
25 control system as represented in Figure 2. 

Implementatation of such anti-windup schemes is 
preferable in any practical implementation of integral 
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control. Omission of this technique may lead to 

deterioration of response and even stability. Figure 3 
shows how a saturation 300 can limit the control variable 
directly providing anti-windup. However, too hard a 
5 limitation will cause an unnecessary limitation of the 
control action, and too weak a limitation will cause 
windup. So the limits must be selected carefully. The 
upper bound can be set to a maximum end system 

advertised window such as the 16 -bit window size TCP 
10 protocol field (65536 bytes) or any suitable value. 

Thus, the control equation becomes 

where the minimum window size is JF„„.„ > 0 . 

Flowcharts illustrating embodiments of the window 
15 computations and the TCP advertised window update at a 
network node are presented in Figure 4, and Figure 5, 
respectively. As shown in Figure 4, one embodiment of 
the invention may compute a network device's advertised 
window size in the following manner. At step 400 initial 
20 parameters may be set. For example, the time interval 
for taking measurements At, the filtered error signal 
e,(n) , and the advertised window size W^n) , may be set to 
initial values {e.g., e,{n) = 0 , n = 0, etc.). At step 410, 
upon expiration of an interval At, the timer may be reset 
25 to At, and n may be iterated to « = « + !. At step 420 a 
current queue size q,{^) be sampled. At step 43 0 a 
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current error may be computed {e.g., e,(n) = T(n)-q,{n)) . In 
some embodiments, an optional step 44 0 may be implemented 
to compute a filtered error {e.g., 

^,(«) = (l-y^)^,("-l) + /^'2,(«) ) • In some embodiments, if a 

5 filtered error is not calculated, then the current 
computed error ^,(77) = is used. At step 450, the 

current window sizes may be computed {e.g., 

Wf(n) = ^W,(n~l) + ae,{ri)^^ ) . In some embodiments, the process 
may loop back to step 410 for another iteration. 

10 Figure 5 shows TCP receiver's advertised window 

field update according to one embodiment of the 
invention. The process may initiate at step 500 with the 
arrival of a data packet at an ACK packet identification 
unit (e.g., ACK packet identifier 20). At step 510 the 

15 process determines whether the data packet is an ACK 
packet. If it is determined that the packet is not a ACK 
packet, at step 52 0 the packet is placed in a reverse 
data buffer (e.g., reverse data buffer 28) and ultimately 
forwarded to a multiplexer (e.g., Mux 30) at step 580. 

20 If the packet is determined to be an ACK packet, a 
determination of the ACK packet class is made at step 53 0 
(e.g., by packet classifier 22). At step 540 the TCP 
receiver's advertised window (e.g., RWj^^.) and checksum 
{ RCHKSUM ) are read from the ACK packet (e.g., by window 

25 and checksum update module 24) . Step 550 is to determine 
the read TCP receiver's advertised window size against 
the network device's advertised window size (e.g.. 
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RWn,,(,<WXn)l) . If the read TCP receiver's advertised 
window RWjfEc is less than the network device's advertised 
window size W^(n) , then the ACK packet is forwarded to a 
multiplexer (e.g., Mux 30) at step 580. If the read TCP 
5 receiver's advertised window RWj^^. is greater than the 
network device's advertised window size W,(n) , then the 
ACK packet's TCP receiver's advertised window size is set 
to equal W^n) at step 560. At step 570 the checksum 
field of the ACK packet is updated {e.g., by window and 
10 checksum update module 24) using RCHKSUM , RWj^^- , and 
WXn) . The updated ACK packet is forwarded to a 
multiplexer {e.g., Mux 30) at step 580. 

In some embodiments of TCP rate control, the TCP 
implementations in the end systems do not need to be 

15 modified, nor is it required to modifying the TCP 
protocol itself. Updating the window size in returning 
ACKs is done in a manner transparent to TCP. The 
processing performed by the network device on each TCP 
acknowledgment consists of updating the TCP receiver's 

2 0 advertised window and the checksum fields. The checksum 
can be updated from knowing only the previous and the new 
values of the advertised window field, as well as the old 
checksum value. For example, an efficient technique for 
incrementally updating the checksum is given in A. 

25 Rijsinghani, "Computation of the Internal Checksum via 
Incremental Update, "IETF RFC 1624, May 1994. 
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Listed below are the parameters that may affect the 
control performance . 

(1) Sampling intervals ( and As ) : At and As are the 
time intervals for taking measurements and applying the 

5 computed , i = l,2,...,K and T controls, respectively, 
(e.g.. At = 10 packet transmission time and Ay 
100msec) . 

(2) Control gain (a) : This controls the reaction speed 
and stability of the control system. 

10 (3) Filter gain { J3 ) : This controls the reaction speed 

of the filter. The recommended value for some 

embodiments is j3 = 0.002. 

(4) Control target (i.e., computed common buffer 
threshold, T) . This sets the average buffer utilization 

15 level and average queuing delay for each service class, 
since the average queue size evolves around this value. 

(5) Buffer size (B) . This is the buffer size allocated 
to the connections or flows anticipated in the system and 
is an issue related to buffer dimensioning and traffic 

2 0 engineering. B influences packet losses and system 

utilization level and is typically selected to be at 
least equal to a bandwidth -de lay product worth of data. 

Let denote the queue size of class i at 

discrete time n, i = l,2,...,K. The queue size q,{n) may 
25 fluctuate as the incoming traffic load and/or the service 
bandwidth allocated at class i vary with time. To ensure 
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fair sharing of the buffer space B, some embodiments 
adopt the policy that each class should be able to access 
at least B/K buffers (i.e., the fair share) when it is 
overloaded. On the other hand, to efficiently utilize 
5 the buffer, (i.e., to achieve maximum buffer sharing) an 
overloaded class must be able to use any available buffer 
memory when such buffers are not used by other classes. 
Thus, we use a common threshold T(n) for all K service 
classes. One embodiment of a method for computing 
10 dynamic thresholds is shown in Figure 6 where, at 
discrete time instances, the threshold computations are 
as follows: 

vB 

(1) Initialization: 7^(0) <- — 

K 

(2) After every interval of As time units (in seconds) , 
15 compute: 



T{n)< 



m.m{T{n-l) + AT,rB}, if^g,(«)</^ 

K 

max{r(/7 - 1) - AT, T„,„ }, if ^ q, (n) > yB. 



The parameter r^„.„ > 0 represents the minimum buffer 
threshold statically set for each service class. This is 
a user-configurable per-class quota to allow the network 
manager to assign the minimum number of buffers that each 
class can consume, thus preventing starvation of buffer 
resources. Through this, the dynamic buffering scheme 
allows the system to adapt intelligently to various 
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traffic conditions and gives the network manager the 
ability to fine tune the network to different traffic 
characteristics. The step size AT > 0 controls the rate 
at which the buffer threshold changes. The buffer space 
5 (l-y)B is the slack buffer capacity used to absorb 
incoming traffic bursts. Thus, the parameter 7 e (0,1] 
controls the extent to which the buffer space B is 
completely or partially shared: /=! results in complete 
sharing and 0<y<l in partial sharing. If all classes 
10 are active, the slack buffer capacity per class is 
(l-r)B/K . 

In steady-state, the common threshold T is given by 
T = yB/N^, where \<N^<K is the effective number of 
active classes in the system. In other words, the 
15 effective number of active classes at a given time 
instant is given by N^=yBIT . 

One embodiment of the computation of the dynamic 
buffer thresholds is illustrated in Figure 6. 

A high-level description of the overall TCP rate 
2 0 control scheme taking into consideration all of the above 
discussions is given in Figure 7 . 

As shown in Figure 6 , one embodiment of a method for 
dynamic threshold computation may initiate at step 600 by 
setting initial parameter values (e.g^., set timer to As, 
yB 

25 initialize ^(0) = — ). At step 610, upon expiration of an 
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interval As, the timer may be reset to As and n may be 
iterated to n=n+\ . At step 620, the current queue size 
qXn) {e.g., queues 12, 14, 16) may be sampled. At step 
63 0 a sum of sampled queue sizes may be calculated [e.g., 

K 

5 Q{n)-^(1,{^)^ • Some embodiments of the invention may 

optionally filter the sum of queue sizes to reduce 
fluctuations as described above {e.g., 

Q{n) = {\-q))Q{n-\) + (pQ{n)) . If the sum of queue sizes is not 
filtered then Q(n) is set equal to Q{n) . At step 640 a 

10 comparison of the sum of queue sizes to the size of the 
shared buffer space is made {e.g., Q{n)<yB). If the 
queue size sum Q{n) is less than the shared buffer space 
yB, then, at step 650, the queue threshold is updated to 
a minimum value {e.g., T(ji) = va:m.{T{n-\) + ^T,y b}) . If the 

15 queue size sum Q{n) is greater than the shared buffer 
space yB, then the queue threshold is updated to a 
maximum value {e.g., T{n) = msLy.{T{n-\)- lS.T,T^^}) . In some 
embodiments the process may return to step 610 for 
another iteration. 

20 Effective control of TCP connections sharing a 

common bottleneck link, can be achieved by modifying at 
the bottleneck link, the receiver's advertised window in 
TCP acknowledgments returning to the senders . This is 
because the dynamics of TCP, specifically, a mismatch 

25 between the TCP window and the bandwidth- delay product of 
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the network can cause the network switches or routers to 
accumulate large queues, resulting in buffer overflows, 
reduced throughput, unfairness and underutilization . As 
described above a TCP rate control scheme may be used for 
5 a shared-buffer with multiple queues where dynamic 
thresholds are used to ensure efficient and fair usage of 
buffer memory. The window control algorithm modifies the 
receiver' s advertised window of an incoming ACK packet so 
that the queue occupancy level is kept at a given target 
10 level, thereby eliminating buffer underflow and overflow 
as much as possible. 

The present invention is not to be limited in scope 
by the specific embodiments described herein. Indeed, 
various modifications of the present invention, in 

15 addition to those described herein, will be apparent to 
those of ordinary skill in the art from the foregoing 
description and accompanying drawings. Thus, such 

modifications are intended to fall within the scope of 
the following appended claims. Further, although the 

20 present invention has been described herein in the 
context of a particular implementation in a particular 
environment for a particular purpose, those of ordinary 
skill in the art will recognize that its usefulness is 
not limited thereto and that the present invention can be 

25 beneficially implemented in any number of environments 
for any number of purposes. Accordingly, the claims set 
forth below should be construed in view of the full 
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